We report comprehensive pathological studies of atheromatous lesions in various inbred mouse strains fed a high-fat, high-cholesterol diet and in two genetically engineered strains that develop spontaneous lesions on a low-fat chow diet. Coronary and aortic lesions were studied with respect to anatomic locations, lesion severity, calcification, and lipofuscin deposition. Surprisingly, the genetic determinants for coronary fatty lesion formation differed in part from those for aortic lesion development. This suggests the existence of genetic factors acting locally as well as systemically in lesion development. We used immunohistochemical analyses to determine the cellular and molecular compositions of the lesions. The aortic lesions contained monocyte/macrophages, lipid, apolipoprotein B, serum amyloid A proteins, and immunoglobulin M and showed expression of vascular cell adhesion molecule-1 and tumor necrosis factor-a, all absent in normal arteries. In certain strains, advanced lesions developed in T he mouse is being increasingly used as a model for the study of atherosclerosis and its risk factors. 1 The model has two unique advantages among mammals. First, the mouse is the most useful mammal for genetic studies. In particular, many inbred strains exhibiting genetic variations relevant to lipoprotein metabolism and atherosclerosis have been identified. 213 Also, a complete linkage map including many highly polymorphic markers has been constructed in the mouse, making genetic analysis feasible for even multigenic traits.
T he mouse is being increasingly used as a model for the study of atherosclerosis and its risk factors. 1 The model has two unique advantages among mammals. First, the mouse is the most useful mammal for genetic studies. In particular, many inbred strains exhibiting genetic variations relevant to lipoprotein metabolism and atherosclerosis have been identified. 213 Also, a complete linkage map including many highly polymorphic markers has been constructed in the mouse, making genetic analysis feasible for even multigenic traits. 114 Second, techniques for genetic modification in vivo, including construction of transgenic and gene-targeted animals, are much more advanced in the mouse than any other mammal. Such genetic modification has proved particularly useful for analysis of interactions between lipoprotein metabolism and atherosclerosis. 1536 Methods for the quantitative pathological analysis of dietinduced atherosclerosis in the mouse model have been developed. 37 Although these methods have revealed dif-ferences in susceptibility to diet-induced atherosclerosis of the aorta in a variety of inbred strains, there is little information about the detailed histological characteristics of murine atheromatous lesions. 38 ' 39 We report here the use of standard histological and immunohistochemical procedures for studies of the size, severity, and locations of atheromatous lesions in inbred mouse strains exhibiting varying susceptibilities to dietinduced atherosclerosis. We have examined coronary and aortic lesions and have also compared lesions induced by high-fat, high-cholesterol diets in normal laboratory strains with those occurring in two recently derived mouse models for spontaneous atherosclerosis: mice targeted for the apolipoprotein E (apoE) gene 2627 and mice transgenic for mouse apoA-II. 31 During the course of these studies, we observed differences in arterial calcification among the strains. Since calcification has been associated with occlusive coronary artery disease in human populations, 4042 we examined the role of genetic and dietary factors in murine arterial calcification. Our results provide for the first time clear evidence for a genetic influence on artery wall calcification. We also review certain previously published results relating to aortic fatty lesion development and cardiac lipofuscin deposition to allow comparisons with our new data. genie mice were created in our laboratory and bred onto the genetic background of C57BL/6J mice. 31 Mice targeted for the apoE gene (referred to as apoE knockout mice) were obtained from Dr N. Maeda (University of North Carolina, Chapel Hill). 26 ApoE knockout mice were on a mixed genetic background from strains 129/J and C57BL/6J. The mice were fed either a standard rodent chow containing 4% fat (Purina 5001) or a high-fat, high-cholesterol (atherogenic) diet (TD 90221, Food-Tek, Inc) containing 15% (wt/wt) fat, 1.25% cholesterol, and 0.5% cholic acid. Animals were housed three to five per cage and maintained in a temperature-controlled room with a 12-hour light/dark cycle. Mice were killed between 4 and 6 months of age, except for some atherogenic diet groups, including DBA/2J (15 weeks of high-fat diet), C57BL/6J (30 weeks of high-fat diet), and NZB/BINJ (30 weeks of high-fat diet), which were 14, 10, and 9 months of age, respectively, at the time of death. Not all animal groups were studied together. To test for seasonal and other nongenetic variations, we examined certain strains, including C3H/HeJ and C57BL/6J, repeatedly in experiments extending over several years. In these cases, strain differences in arterial fatty lesion characteristics, calcification, and cardiac lipofuscin deposition were observed consistently from group to group. In cases in which strain comparisons were particularly critical, such as with RI strains, mice were studied at the same time.
Plasma Lipoprotein Analysis
After isoflurane (Forane, Anaquest) anesthesia of fasted mice (overnight, approximately 16 hours), blood was taken from the retro-orbital plexus by heparin-coated capillaries (Fisher Scientific) into an EDTA-treated Microtainer tube (Becton Dickinson). Cholesterol and triglyceride concentrations were determined enzymatically as described previously. 43 
Tissue Preparation and Histological Analysis
Animals were killed by cervical dislocation. The heart and proximal aorta (including ascending aorta, aortic arch, and a portion of proximal thoracic descending aorta) were excised and washed in phosphate-buffered saline to remove blood. The basal portion of the heart and proximal aorta were embedded in OCT compound (Tissue-Tek), frozen on dry ice, and then stored at -70°C until sectioning. Serial 10-/im-thick cryosections (region A, every fifth section from the lower or middle portion of the ventricles to the appearance of aortic valves; region B, every other section from the appearance to the disappearance of the aortic valves [the region of the aortic sinus]; and region C, every fifth section from the disappearance of the aortic valves to the aortic arch) were collected on poly-D-lysine-coated slides. Usually, 40 to 60 sections from region A, 20 to 30 sections from region B, and 15 to 20 sections from region C were collected per mouse. Sections were stained with oil red O and hematoxylin and counterstained with fast green and then examined by light microscopy for the identification of atheromatous lesions, 31 -43 cardiac lipofuscin, 3844 and artery wall calcification. 45 Methods for semiquantitation of cardiac lipofuscin and quantitation of atheromatous lesions in the aorta and coronary arteries have been previously reported. 44 - 46 The expression of average fatty lesion area (square micrometers per section) in the aortic sinus (region B) was normalized to 40 sections. For confirmation of calcium mineral deposition, representative sections were also stained by the alizarin red S and von Kossa techniques. Mice were considered positive if calcium deposits, lipid accumulation, or both were observed in the aorta or coronary arteries in one or more sections. For thin sectioning and electron microscopic studies, the specimens were immersed in Karnovsky's fixative for 24 hours, osmicated for 30 minutes, dehydrated in graded alcohols, and embedded in Araldite/Epon (1:1) (Ted Pella). Thin sections (0.5 jim) of the aortic root were cut on an Mt-1 Sorvall ultramicrotome and stained with toluidine blue and sodium borate. 47 Ultrathin sections (60 to 80 nm) were stained with uranyl acetate and lead citrate and examined with a JEOL 100B electron microscope.
Immunohistochemical Methods
The avidin-biotinylated peroxidase system used for immunohistochemical staining has been described previously. 38 - 46 In brief, 10-^m-thick cryostat sections were fixed in acetone or 4% paraformaldehyde, incubated with primary antibodies, and then incubated with biotinylated, affinity-purified anti-immunoglobulin and avidin DH/biotinylated horseradish peroxidase H complex (ABC kit, Vector). Antibody binding was visualized with a peroxidase chromogen kit (AEC) (Biomeda Corp). Controls included omission of primary antibody, use of nonimmune sera, and use of frozen sections of heart tissues from the control group of C57BL/6J mice fed chow. The slides were counterstained with hematoxylin.
The following primary antibodies were used in this study: (1) monoclonal rat anti-mouse Mac-1 antigen (found on monocyte/macrophages and granulocytes) (Boehringer Mannheim Biochemicals), (2) monoclonal rat anti-mouse F4/80 antigen (specific for macrophages) (Serotec), (3) monoclonal rat anti-mouse granulocytes (Gr-1) (PharMingen), (4) monoclonal rat anti-mouse IgG (y) (Zymed Laboratories, Inc), (5) monoclonal rat anti-mouse IgM (ji) (Zymed), (6) monoclonal rat anti-mouse vascular cell adhesion molecule (VCAM-1) (PharMingen), (7) polyclonal rabbit anti-chicken tropomyosin (Sigma Chemical Co), (8) affinity-purified polyclonal rabbit anti-human serum amyloid A proteins (SAA, and SAA 2 ) that cross-react well against mouse SAAs, 46 (9) polyclonal rabbit anti-mouse tumor necrosis factor-a (TNF-a) (Genzyme), and (10) monospecific polyclonal rabbit anti-rat apoB. 38 -46 Table 1 summarizes the specificity and optimal dilutions of these antibodies. Under the conditions used, tropomyosin expression was specific for smooth muscle cells. Medial vascular smooth muscle cells were consistently positive, and other cells were negative, including macrophages.
Statistical Analysis
Data analysis was performed using STATVIEW (Student's t test, nonparametric Mann-Whitney U test, x 2 analysis, and ANOVA) software for the Macintosh. Significance levels were not adjusted in studies involving multiple comparisons.
Results

Aortic Lesions
We have extended previous surveys of the size of lipid-containing aortic lesions and plasma lipoprotein levels of various inbred strains (Tables 2 and 3 ). In general, the results are in agreement with previous findings, although some differences were observed. 49 Consistent with other surveys, 61213 the most susceptible strains (DBA/2J, SM/J, C57BL/6J, and C57BL/10Sc-SnA) exhibited very low levels of high-density lipoprotein (HDL) cholesterol when maintained on an atherogenic diet (Tables 2 and 3 ). There were no obvious relations between lipoprotein levels and lesion development among the remaining strains, although it is noteworthy that strains MRL/n and NZB/BINJ exhibited a moderate degree of lesion development despite having very high levels of HDL cholesterol (190 and 155 mg/dL, respectively) ( Tables 2 and 3) . Few or no lipid-containing aortic lesions occurred in any of the inbred strains when maintained on a chow diet (Table 4 and data not shown). As observed in surveys with other strains, 13 lesion size depended on the duration of feeding of the high-fat, high-cholesterol diet (Table 4) and on the sex of the animals, females being more susceptible (Table 5) . We have also evaluated the anatomic locations within the aortic root in which fatty streak lesions occurred. C57BL/6J, SM/J, NZB/BINJ, and C3H/HeJ mice were examined at varying intervals, ranging from 5 to 30 weeks, on the atherogenic diet. In general, lesions developed first at the base of the aortic sinus (of Valsalva) ( Fig 1A) and progressed upward in two directions: toward the aortic valve attachments (commissures) (Fig 1) and free aortic wall (Fig 2) . Even after 30 weeks of the diet, most fatty lesions were still located in the aortic sinus, and few or no lipid-containing lesions were observed in the ascending aorta, aortic arch, and more distal (thoracic and abdominal) regions of the aorta (data not shown). The apoE knockout mice, discussed below, were an exception. To provide a quantitative indication of the locations of aortic lesions among strains, we classified fatty lesions related to aortic valves (valve attachments, valve cusps, and valve residuals) as type I lesions (Fig 1) and lipid accumulations in free aortic wall as type II lesions (Fig 2) . The type I lesions were more frequent and developed earlier than the type II lesions. In addition, the lesions were further evaluated as being relatively flat (compared with the flanking regions of the aortic wall), raised, or advanced (with evidence of a fibrous cap) (Figs 1 and 2 ). After the challenge of an atherogenic diet for 5 to 7 weeks, flat type I lesions ( Fig IB) were observed in susceptible (C57BL/6J), moderately resistant (NZB/ BINJ), and resistant (C3H/HeJ) mice. The terms susceptible and resistant are used here, as previously, 37 to indicate strains that, when maintained on a high-fat diet, develop either large or small aortic fatty lesions, respectively, relative to other strains. Initially, lipid accumulation occurred mainly in the intimal layer (Fig  IB) . Subsequently, these lesions became raised (compared with the aortic lumen) (Fig 1C) , extended (to the free aortic wall) (Fig ID and IF) , and advanced (with a fibrous cap) (Fig IE) . Type II lesions developed in most susceptible (C57BL/6J) but not in moderately resistant (NZB/BINJ) or resistant (C3H/HeJ) mice after being maintained 9 to 11 weeks on the atherogenic diet. We frequently observed that the elastic medial layer was thinner and/or disrupted when the type II lesion became large and raised (Fig 2D) . The advanced type II lesions were similar to human atherosclerotic plaques, exhibiting a necrotic core, calcification, and a fibrous (4) 57±12 (16) 71 ±2 (16) 75±2 (14) 80±3 (6) 84±3 (3) 110±4 (6) 123±4 (10) 128±2 (6) 189±24 (16) (16) 59±1 (14) 59±1 (6) 69±13 (3) 86±2 (6) 95±2 (10) 94 ±1 (6) 163±19 ( (15) 30±2 (12) 39±8 (6) 69±9 (3) 65 ±4 (6) 190±9 (5) 80±17 (6) 155±3 (3) HF indicates high-fat, high-cholesterol diet for 15 weeks. Values are group mean±SEM (n) expressed in milligrams per deciliter. Some of these data were previously reported. Fig 2D) . The presence of a necrotic core within certain large lesions was confirmed by electron microscopy (data not shown). The appearance of type I and type II lesions was similar, with both containing large numbers of foam cells, extracellular lipid, and cholesterol clefts (Fig 3) . In most cases, both types of lesions were located within the aortic sinus, although the type II lesions frequently extended to the ascending aorta of certain susceptible strains such as C57BL/6J and SM/J mice fed the atherogenic diet for 15 to 30 weeks. Table  6 shows the characteristics of aortic lesions in susceptible (eg, SM/J and C57BL/6J) and resistant (eg, C3H/ HeJ) strains maintained on the atherogenic diet for 15 weeks. Generally, both susceptible and resistant mouse strains developed flat type I lesions. However, susceptible strains had more raised and advanced type I lesions than resistant strains. Furthermore, the type II lesions occurred mainly in susceptible strains (Table 6 ). 75±2 (14) 174±16 (4) 251 ±16 (12) 1220+730 (8) 57±12 (16) 383+37 (8) 360 ±58 (8) 189±24 (16) 401 ±18 (8) 323 ±9 (8) 59±1 (14) 22+2 (4) 30±2 (12) 25±15 (8) 54+11 (16) 49 ±5 (8) 64±12 (8) 163±19 (16) 109±9 (8) 221 ±6 (8) HDL indicates high-density lipoprotein; HF, high-fat, high-cholesterol diet. Values are mean±SEM (n). Some of the data are from Tables 2 and 3 
HDL indicates high-density lipoprotein. Some of these data are from Tables 2 and 3 . Mice were fed a high-fat, highcholesterol diet for 15 weeks. Values are expressed as mean±SEM (n).
*Previously reported data. 46 tP<.0007, tP<.2, §P<.09, M vs F. Table 3 presents the occurrence of lipid accumulation in coronary arteries of 10 inbred strains maintained on a high-fat diet. No significant lipid-containing coronary lesions were observed in mice maintained on a chow diet (data not shown). In general, there was a lack of concordance between the development of aortic and coronary lesions among different inbred mouse strains. In particular, NZB/BINJ and MRL/lpr mice, which are autoimmune-prone strains, had frequent lipid accumulation in coronary arteries (100% and 86%, respectively) on the atherogenic diet, but both were relatively resistant to lesion formation in the aorta. The observation that strains C57BL/6J and C3H/HeJ had similar frequencies of lipid accumulation in coronary arteries (31% and 30%, respectively), whereas they differed greatly with respect to susceptibility to aortic lesions, also suggests the presence of different genetic factors controlling the susceptibility of diet-induced lipid accumulation in coronary arteries compared with the aorta. The earliest site of lipid accumulation in the coronary system was in small intramyocardial branches (Fig 4A) in most strains except MRL/lpr mice. 46 Overall, the occurrence of lipid accumulation was much higher in distal ( Fig 4A) than in proximal (Fig 4E) coronary arteries. For example, among positive C3H/HeJ mice (exhibiting lipid accumulation in coronary arteries), 86% of the lipid-containing lesions were located in distal coronary arteries and only 14% in proximal coronary arteries. Among positive C57BL/6J mice, 95% of the lipid-containing lesions were in distal coronary arteries and 5% in proximal coronary arteries. We have previously reported studies of the size and distribution of coronary lesions in MRL/n and MRL/lpr mice in randomly selected sections. 46 Generally, it was difficult to measure coronary lesions because they were relatively small and not confined to specific anatomic locations. The occurrence of coronary lesions among inbred strains (Table 3) was not correlated with cholesterol or lipoprotein levels (Table 2) on either chow or high-fat diets (data not shown).
Coronary Lesions
To examine the relation between genetic factors contributing to aortic and coronary lesion development, we examined the segregation of lipid accumulation in aorta and coronary arteries in C57BL/6J (B) xC3H/ HeJ (H) RI strains ( Table 7) . We used this set of RI strains because they have previously been typed for aortic lesion development and lipofuscin deposition. 44 Although the parental strains did not differ with respect to coronary lipid accumulation, some of the RI strains differed significantly from these parental strains (Tables  3 and 7 ). The complex inheritance pattern suggests that two or more genes control the susceptibility to dietinduced atherosclerosis in coronary arteries. If aortic and coronary lesions were determined by a common set of genetic variations, the lesions should exhibit a similar distribution of susceptibility among the RI strains. However, there were several clear discordancies in the susceptibility to coronary and aortic lesions. For example, strain BxH RI-8 was relatively resistant to coronary lesions but highly susceptible to aortic lesions.
Arterial Calcification in the Mouse Model
Calcification occurred in both mouse aorta (from the aortic root to the aortic arch; the thoracic and abdominal aortic regions were not examined) (Fig 2) and coronary arteries (from the ostium to the distal intramyocardial branches) (Fig 4) . Aortic calcification was most often observed in aortic fatty lesions after 15 to 30 weeks of the atherogenic diet (Fig 2) . In most instances, coronary calcification was not associated with lipid accumulation (Fig 4B) . Calcification also occurred in the medial layer of the aorta independently of fatty lesions (in association with elastic fibers) (Fig 2F) .
Inbred strains differed significantly with respect to aortic calcification, ranging from 0% (MRL substrains) to 50% (DBA/2J) during a chow diet (data not shown). When mice were maintained for 15 weeks on an atherogenic diet, the incidence of aortic calcification increased for most strains studied (Table 3) . For example, in strain C57BL/6J, the incidence of aortic calcification was 6% on a chow diet and 24% on an atherogenic diet (* 2 =4.29, P<-04) (Table 8 ). However, the MRL substrains were unusual in that aortic calcification was absent even on the atherogenic diet (0 of 23 mice studied). Thus, when fed a high-fat diet, the incidence of aortic calcification in MRL mice (0%) was significantly lower than that in C57BL/6J mice (24%) (* 2 =6.52,/><.01).
The frequency of coronary calcification during a chow diet ranged from 0% (C57BL/6J, SM/J, and MRL strains) to 50% (DBA/2J), although the differences did not attain statistical significance. The atherogenic diet was associated with increased coronary calcification in C3H/HeJ mice, which exhibited 5% calcification on a chow diet and 26% calcification on an atherogenic diet (* 2 =3.25, P<.07) ( Tables 3 and 8) . DBA/2J mice exhibited lower calcification on the atherogenic diet (0 of 3) than on the chow diet (2 of 4), although this change could well reflect the small sample sizes. The frequency of coronary calcification in C3H/HeJ mice on the atherogenic diet (6 of 23 animals) was significantly greater than in the combined total of the remaining strains examined (4 of 119) (* 2 =14.52, P<.000l). The above strain surveys suggest that genetic factors contribute to the development of aortic and coronary calcification. To further test this, we maintained a set of RI strains derived from parental strains C57BL/6J and C3H/HeJ on an atherogenic diet for 15 weeks and then examined calcification in these animals. Although the parental strains C57BL/6J and C3H/HeJ did not differ significantly in aortic calcification (24% and 17%, respectively), several BxH RI strains exhibited either no aortic calcification or higher calcification levels than the parental strains (Table 7) . This indicates that aortic calcification is determined by two or more genetic factors. Apparently, in the parental strains the combination of these genetic factors produces approximately the same calcification levels, whereas in certain BxH RI strains new combinations of these genetic factors lead to decreased or increased frequencies of aortic calcification. It is noteworthy that 100% of the BxH RI-11 strain had medial calcification in the ascending aorta and/or aortic arch (Fig 2F) .
In contrast to aortic calcification, the parental strains C57BL/6J and C3H/HeJ differed significantly with respect to coronary calcification (2% and 26%, respectively; x 2 =11.69, /><.0006). The BxH RI strains exhibited a calcification level resembling either the C57BL/6J parent (close to 0% calcification) or the C3H/HeJ parent (approximately 25% calcification) in about a 50:50 ratio (Table 7) . This inheritance pattern is consistent with the hypothesis that coronary calcification is determined by a single major gene exhibiting incomplete penetrance, although multigenic models cannot be excluded. The results also suggest that some of the genetic factors contributing to aortic and coronary artery wall calcification are shared. Thus, strains BxH RI-7, -8, -9, and -10 exhibited no calcification at either site, whereas strains B x H RI-3, -4,-6, and -11 exhibited at least 20% calcification at both sites.
Arterial Lesions in ApoA-II Transgenic and ApoE Knockout Mice
Two genetically engineered mice that develop spontaneous atherosclerotic lesions on a low-fat chow diet have recently been reported. One is a mouse in which the expression of the apoE gene has been abolished by gene targeting, 26 ' 27 and the other is a transgenic mouse that overexpresses apoA-II, one of the major proteins of HDL. 31 Consistent with previous reports, 2627 apoE knockout mice exhibited extremely high levels of plasma cholesterol on a chow diet. This cholesterol was contained primarily in low-density lipoprotein and verylow-density lipoprotein particles, with HDL levels being relatively low (Table 9) . Two recent reports 48 - 49 have described the pathology of arterial lesions in apoE knockout mice, but neither compared those lesions with those observed in normal laboratory strains fed an atherogenic diet. The aortic lesions in apoE knockout mice were much larger (Figs ID and 2E) than those observed in inbred strains maintained on an atherogenic diet (Table 10 ). For example, the aortic lesions in 5-month-old apoE knockout mice maintained on a chow diet were more than 10 times larger than those in C57BL/6J mice maintained for 30 weeks on an atherogenic diet (Tables 4 and 10) . As discussed below, the lesions in apoE knockout mice tended to be more advanced than the fatty streak lesions observed in normal inbred strains. As previously reported, 31 apoA-II transgenic mice also exhibited elevated cholesterol levels on both chow and atherogenic diets compared with the C57BL/6J background strains primarily because of increases in HDL cholesterol levels ( Table  9 ). The lesions in apoA-II transgenic mice maintained on a chow diet were relatively small (Fig IB) , about one seventh the size of lesions observed in C57BL/6J mice maintained for 15 weeks on an atherogenic diet (Tables  3 and 10) . Table 11 shows the distribution and severity of aortic lesions in apoA-II transgenic and apoE knockout mice. In apoA-II transgenic mice fed a chow diet, aortic lesions were located mainly at the base of the aortic sinus and aortic valve attachments (type I flat lesions). In contrast, apoE knockout mice developed advanced type I and type II lesions containing fibrous caps and calcification. Moreover, the lesions were more widely distributed, including the aorta (ascending aorta, aortic arch, and descending aorta), pulmonary artery, and carotid arteries, than in other strains studied (Fig 2E) .
ApoE knockout mice uniformly (100%) exhibited lipid accumulation in coronary arteries (Table 10) . Table 11 presents the characteristics of lipid accumulation in the coronary arteries of apoA-II transgenic and apoE knockout mice. Coronary lipid accumulation was mainly located in distal intramyocardial branches in apoA-II transgenic mice fed chow or atherogenic diets, whereas the apoE knockout mice exhibited frequent lipid accumulation in both proximal and distal coronary arteries (Fig 4A, 4C, and 4D) . The occurrence of arterial calcification in apoA-II transgenic mice was similar to the background strain, C57BL/6J. In apoE knockout mice, on the other hand, calcification occurred frequently in both the aorta and coronary arteries (Table 10 , Fig 4C and 4D ).
Immunohistochemical Studies of Murine Atheromatous Lesions
Using monoclonal and polyclonal antibodies and immunocytochemical methods, we have previously shown that Mac-1-positive cells and apoB were colocalized with lipid-staining lesions in the aortic root of C57BL/6J mice fed the atherogenic diet for 15 to 22 weeks. 38 We also demonstrated that Mac-1-positive cells, apoB, SAA proteins, IgG and IgM, T lymphocytes, B lymphocytes, and granulocytes were present in coronary vasculitis in autoimmune-prone MRL/lpr mice fed the same atherogenic diet for 10 to 15 weeks. 46 In the present studies, we applied these antibodies as well as antibod- Female mice were fed a high-fat, high-cholesterol diet for 15 weeks. Values for the high-fat diet groups are replicated in Table  3 .
*P<.0006, C57BL76J vs C3H/HeJ.
ies for VCAM-1, TNF-a, and tropomyosin, a marker for smooth muscle cells, to further characterize murine aortic atheromatous lesions. Immunohistochemical studies were performed using C57BL/6J mice fed a high-fat diet for 15 or 30 weeks (10 separate mice, 6 or more sections each), apoA-II transgenic mice fed a high-fat diet for 10 to 12 weeks (5 separate mice, 6 or more sections each), and apoE knockout mice fed a chow diet (4 separate mice, approximately 15 sections each). The sections examined contained a variety of stages of type I and type II lesions. Although no attempt was made to perform quantitative immunohistochemistry, each set of antibodies was examined using at least 10 sections positive for lesions and at least 10 negative controls (omission of primary antibody). All antibodies were also used for staining of sections of normal aortas from C57BL/6J mice maintained on a chow diet. Representative positive results are described below (Fig 5, Table 12 ).
In general, macrophage markers (Mac-1 and F4/80) were detected in all stages of type I and type II lesions (Fig 5E, Table 12 ). Positive reactivity for tropomyosin, a smooth muscle cell marker, occurred mainly in advanced type II lesions in susceptible strains (ie, C57BL/ 6J) maintained for 15 weeks or more on an atherogenic diet or in apoE knockout mice fed chow (Fig 5F, Table  12 ). Sections were also examined for T-lymphocyte and B-lymphocyte markers as previously described, 46 but little or no reactivity was observed in either early or advanced lesions (data not shown). Positive reactivity for granulocytes was found occasionally in large advanced lesions (Table 12 and data not shown).
Strong positive reactivities for apoB, IgM, VCAM-1, and SAA proteins occurred in both type I and type II aortic lesions, including early-stage (flat) to late-stage (advanced) lesions (Fig 5) . ApoB was usually present in lesions with oil red O lipid-positive staining as well as in (16) 171 ±14 (11) 966 ±137 (4) 474 ±88 (2)
HDL-C
120±7 (16) 93±7 (11) 47±17 (2) 28 ±4 (2) Total C 431 ±53 (7) 330±27 (8) HDL-C 170±25 (7) 98±14 (8) C indicates cholesterol; HDL, high-density lipoprotein; and Apo, apolipoprotein. Values are group mean±SEM (n) expressed as milligrams per deciliter. ApoA-ll transgenic mice were fed a high-fat, high-cholesterol diet for 10 to 12 weeks.
*Some of these data were previously reported. 31 the necrotic centers of advanced lesions (Fig 5A, Table  12 ). However, reactivities for SAA proteins (Fig 5C,  Table 12 ), VCAM-1 ( Fig 5B, Table 12 ), and IgM ( Fig  5D , Table 12 ) were observed not only in lipid-staining regions but also in the endothelial and intimal regions of the vessel wall adjacent to lesion areas in C57BL/6J mice maintained for 15 or more weeks on the atherogenic diet. These antigens were never observed in vessels of mice maintained on the chow diet, suggesting that they may be induced at a prelesion stage. VCAM-1 expression was not restricted to the endothelial layer of lesions and was frequently observed in smooth muscle cell layers as well (Fig 5B, Table 12 ). Expression of VCAM-1 in smooth muscle cell layers has previously been observed in human coronary atherosclerotic plaques, 50 rabbit atheroma, 51 and a mouse heart transplant model of atherosclerosis (T. Drake et al, unpublished data, 1994). Although the lesions were positive for IgM, no reactivity for IgG was observed, suggesting that it does not accumulate at high levels in atherosclerotic lesions of most strains. Coronary lesions of autoimmune-prone MRL/lpr mice were used as positive controls for IgG staining, and aortic lesions of mice with severe combined immunodeficiency served as negative controls for IgM staining (data not shown). TNF-a was expressed only in large atheromatous plaques with necrotic cores of advanced type II lesions (Fig 5D,  Table 12 ). No reactivity for any of these antigens was observed in normal aortas from C57BL/6J mice fed a chow diet (data not shown).
Discussion
The mouse has become an important model for atherosclerosis because of advantages for genetic analysis and manipulation. 115 However, various questions relating to the composition and distribution of the atherosclerotic lesions in mice and the relevance of the model for human disease remain unanswered. We have (6) 18±18(7)* 50±41 (13) § 2228±612 (7) 1664+941 (4) 2023±497 ( 
Apo indicates apolipoprotein.
•Total average lipid staining lesion areas (type I plus type II) are presented. Lesions with average size occupy roughly 0.005% (C57BL/6J), 0.2% (apoA-ll transgenic), or 32% (apoE knockout) of aortic lumen area at middle of the aortic sinus. Values are mean±SEM (n). Aortic fatty lesion data of apoA-ll transgenic mice were previously reported. attempted to address these issues by performing comprehensive analyses of the pathology of atherosclerotic lesions in various mouse strains, including two genetically manipulated mouse models that develop lesions during a low-fat chow diet. The following significant conclusions have emerged: First, when maintained on a high-fat atherogenic diet, naturally occurring laboratory strains exhibit distinct but differing patterns of lesion development in the proximal aorta. All strains examined developed fatty lesions in the aortic valve commissures (type I lesions), but only susceptible strains developed significant lesions in the free aortic wall (type II lesions). The sizes and properties of both lesion types were genetically determined. Second, the frequencies and characteristics of coronary lesions differed among inbred strains, but the development of aortic and coronary lesions was not concordant. Thus, local factors (eg, pattern of blood flow or differences in arterial metabolism) may influence lesion development. Third, immunohistochemical studies revealed a number of cellular and molecular differences between lesions and the normal artery wall. In addition to lipoprotein accumulation and monocyte infiltration, lesions exhibited elevated levels of the adhesion molecule VCAM-1, the cytokine TNF-a, and SAA proteins. Certain relatively advanced lesions (found only in susceptible strains) exhibited the smooth muscle cell marker tropomyosin, indicating that the lesions had progressed beyond the fatty streak stage. Fourth, some lesions exhibited calcification, which also frequently occurs in human atherosclerotic lesions. The degree of calcification differed among inbred strains, providing the first clear evidence for a genetic component in calcium deposition partly independent of lesion development. Finally, we compared the lesions of naturally occurring strains with those of two genetically modified mice, one an apoE knockout model and the other an apoA-II transgenic model. The lesions in chow-fed apoA-II transgenic animals were relatively small and primarily of the type I variety. The lesions of the apoE knockout mice were much larger and more anatomically dispersed than those of laboratory mice maintained on a high-fat diet. Below, we discuss each of these points in turn.
Aortic Lesions
We have repeated and extended previous surveys of aortic lesions in inbred mouse strains after feeding of a W V4. - 37 None of the inbred strains developed significant lesions when maintained on a chow diet. Previous work has revealed a relation between low HDL levels and susceptibility to aortic lesion development, 5 -810 and we observed the same trend in the present studies. Thus, highly susceptible strains (SM/J, DBA/2J, C57BL/6J, and C57BL/ lOScSnA) exhibited low HDL levels on the atherogenic diet, whereas very resistant strains (BALB/cJ and C3H/ HeJ) exhibited relatively high HDL levels on the same diet. Strong evidence for a genetic link between HDL levels and lesion development was provided by studies of transgenic mice overexpressing human apoA-I. 20 However, recent studies of apoA-I knockout mice showed that the mice were relatively resistant to atherogenesis despite having very low HDL levels (although the interpretation of the results is complicated by the fact that the apoA-I knockout mice were relatively resistant to hyperlipidemia when fed a high-fat diet). 25 -52 Also, transgenic mice overexpressing mouse apoA-II had dramatically increased HDL levels (as well as slightly increased non-HDL cholesterol levels) but exhibited an increased susceptibility to aortic lesion formation. 31 Transgenic mice overexpressing human apoA-II, on the other hand, exhibited little change in HDL cholesterol levels (in contrast to mice overexpressing mouse apoA-II) but also showed increased lesion development. 36 Thus, the role of HDL is likely to be complex, reflecting HDL composition as well as HDL cholesterol levels.
We examined in detail the anatomic locations and severity of aortic lesions in 10 inbred strains. A spectrum of atheromatous lesions was observed, from fatty streaks to large raised atherosclerotic plaques with fibrous caps and calcification. The most susceptible region was at the base of the aortic sinus and aortic valve commissures (type I lesions), and all strains developed early (flat) lesions at this site. Only susceptible strains, however, developed lesions in the free aortic wall (type II lesions). Studies of lesions observed at varying intervals during the atherogenic diet suggested that lesions begin at the base of the aortic sinus near aortic valve commissures and then spread to the adjacent aortic wall. Only rarely did aortic lesions extend to the aortic arch. The occurrence and severity of type I and type II lesions were concordant among strains. That is, strains with large type II lesions also exhibited large type I lesions, whereas strains that failed to develop type II lesions exhibited small type I lesions (Table 6 ). Some investigators have preferred to score only lesions of the free aortic wall, 20 -37 but our results indicate that the inclusion of lesions in the base of the aortic sinus and aortic valve commissures does not alter estimates of relative susceptibility to lesion development.
Coronary Lesions
We performed for the first time a systematic study of coronary lesions among various inbred mouse strains. The lesions found in coronaries were relatively small and not advanced, with the exception of apoE knockout mice and the autoimmune-prone strains MRL/lpr and NZB/BINJ. They were more frequent in small distal arteries than in large proximal arteries. Interestingly, the occurrence of coronary lesions was poorly correlated among strains with the size and occurrence of aortic lesions, suggesting that lesions of the two vessel types are partly governed by independent genetic factors. These findings are consistent with human pathological studies indicating that the relative occurrence of lesions at various anatomic locations differs among individuals. For example, among individuals with different apoE genotypes, the occurrence and size of lesions in the aorta did not closely parallel lesions in the right coronary artery. 53 Unlike aortic lesions in mice, coronary lesions were not confined to specific anatomic locations, although coronary branches in the myocardium of the left ventricle had a higher occurrence of lipid accumulation than other regions. Therefore, quantitative assessment of coronary lesions for genetic studies will be more difficult than assessment of aortic lesions.
Molecular and Cellular Features of Lesions
We performed immunohistochemical studies to examine the molecules and cell types present in murine aortic atherosclerotic lesions. Previous studies have demonstrated that murine lesions contain apoB-containing lipoproteins and macrophages. 38 We examined a variety of other molecules that have been shown to be elevated in humans and other models of atherosclerosis, including adhesion molecule VCAM-1, the cytokine TNF-a, and immunoglobulins (IgM). - 58 All were found to be elevated in the aortic lesions of susceptible inbred strains. Interestingly, the expression of VCAM-1 was not restricted to the endothelial layer, as immunoreaction staining was also observed in the medial regions (smooth muscle layer) of the artery wall. The significance of this observation is unknown, although it has also been observed in human coronary atherosclerotic plaques, 50 rabbit atheroma, 51 and heart transplant studies in mice (T. Drake et al, unpublished observations, 1994).
Advanced lesions were composed of both macrophages and smooth muscle cells, resembling human fibrous plaque lesions. The presence of smooth muscle cells in lesions of apoE knockout mice was recently reported. 48 Our results are consistent with previous light and electron microscopic studies showing relatively advanced lesions in fat-fed C57BL/6J mice, 39 although these investigators did not use immunohistochemical procedures.
The observation that SAA proteins accumulate in atherosclerotic lesions is novel. Recent studies have shown that high-fat, high-cholesterol diets induce hepatic expression of multiple SAA species, which then bind HDL. 59 Such HDL particles are likely to exhibit altered properties with respect to functions such as reverse cholesterol transport or inhibition of LDL oxidation. 60 Moreover, at least certain species of SAA proteins are produced by macrophages. 61 
Genetic Determination of Arterial Calcification
One major conclusion to emerge from the present studies is that calcification of the aorta and coronary arteries is determined in part by genetic factors. Thus, significant differences in arterial calcification were observed among inbred strains and among a set of BxH RI strains of mice. The latter study suggested that some of the genetic factors contributing to aortic and coronary calcification are shared. Although the occurrence of human arterial calcification is known to differ significantly among individuals, no previous data suggest a genetic component. Recent evidence suggests that arterial calcification is an organized rather than a passive process in humans. 62 Since calcification of atherosclerotic lesions appears to contribute to atherosclerotic plaque instability and myocardial infarction, 4042 our results suggest the existence of a new set of genetic factors determining arterial calcification that may contribute to clinical coronary heart disease. Our results also suggest that high-fat, high-cholesterol diets promote arterial calcification. This may be mediated in part by atherogenesis, because in C57BL/6J mice calcification was frequently associated with raised and advanced lesions in the aorta. However, the atherogenic diet also increased the incidence of coronary calcification independently of fatty streak development in C3H/HeJ mice. It is also noteworthy that apoE knockout mice exhibited a very high frequency of calcification in both the aorta and coronary arteries. This supports the concept that hyperlipidemia and atherosclerosis contribute to artery wall calcification. It is also possible that the apoE gene product per se protects against arterial calcification.
Arterial calcification or mineralization occurs in almost all animal models that have been studied, including pigeons, chickens, rabbits, pigs, dogs, rodents, and nonhuman primates. 63 It has been previously reported that severe arterial calcification was induced by x-irradiation and high-fat diets in outbred CF! mice. 64 The resulting calcification was located mainly in the aortic media, with little resemblance to calcification occurring in human atherosclerosis. 63 In contrast, our observation that calcification occurred within atheromatous lesions in atherosclerosis-susceptible inbred mouse strains such as C57BL/6J and DBA/2J suggests that inbred mice are a suitable animal model for studies of the interactions between calcification and atherosclerosis.
The mouse model described here provides an opportunity for identifying the genetic factors contributing to arterial calcification. Clearly, the findings that arterial calcification exhibits incomplete penetrance and is determined by multiple genetic factors will complicate the identification of these genetic factors. Nevertheless, it seems likely that the chromosomal loci responsible for the development of calcification could be identified by analysis of large genetic crosses using informative genetic markers.
14 Recently, studies of three patients of the same family with linear calcification of the ascending aorta and severe calcific mixed aortic valve disease were reported. 65 However, genetic studies of arterial calcification directly in humans are likely to be confounded by genetic heterogeneity, late and variable age of onset, environmental influences, and difficulty of quantitative analysis.
Comparisons of Lesions in Genetically Engineered and Naturally Occurring Laboratory Mice
A large number of transgenic or gene-targeted mice have been constructed for examination of the effects of lipoprotein metabolism and other traits on atherogenesis in mice. 15 Of these, two genetically engineered lines of mice exhibit spontaneous atherosclerosis on a low-fat chow diet: apoE knockout and apoA-II transgenic mice. In neither case have the lesions been compared with those of inbred mouse strains maintained on an atherogenic diet.
Aortic lesions in apoA-II transgenic mice maintained on a chow diet were dramatically elevated compared with other strains on a chow diet, being more than one tenth the size of C57BL/6J lesions after 15 weeks of an atherogenic diet. They were primarily of the type I lesion variety and were not fibrous in nature.
The characteristics of lesions of apoE knockout mice were recently described in two pathological reports. 48 -49 Our results are consistent with these reports, indicating that the lesions in apoE knockout mice are widely dispersed and advanced, with clear fibrous components. In addition, our results indicate that apoE knockout mice exhibit expression of VCAM-1 and TNF-a. Thus, they resemble the lesions of susceptible laboratory strains fed a high-fat diet, but they are much larger and tend to be more advanced. Another feature of interest in the apoE knockout mice is enhanced artery wall calcification compared with most laboratory strains.
Mouse Models
None of the models described in this report can be considered "physiological." The diets required to induce lesions in naturally occurring inbred strains contain abnormally high levels of cholesterol as well as bile salts. The bile salts appear to promote hyperlipidemia by inhibition of cholesterol 7a-hydroxylase, the rate-limiting enzyme in the synthesis of bile salts, 66 but may exert other as yet unknown effects as well. The extreme hypercholesterolemia resulting from the absence of apoE is clearly not physiological. Although apoA-II transgenic mice do not exhibit extreme hypercholesterolemia, the elevated apoA-II production (more than twofold greater than in laboratory inbred strains) results in lipoprotein particles with abnormal composition. 33 Despite the fact that these models are not physiological, they are useful for studies of atherogenesis. Indeed, our present results suggest many parallels between the lesions of mice and the lesions of other models for the disease. The stages of lesion development in mice, from early fatty streaks to fibrous plaques, and the gross morphology of the lesions resembled those in other model species. The primary site of predilection in all strains examined, including apoE knockout mice, was the base of the aortic sinus. This may be related in part to the low-shear, disturbed-flow patterns of this region. 38 Other differences in the regions of predilection may be related to vessel size and body orientation or to other inherent differences in the arterial cells at these sites. All mouse strains examined exhibited fatty streak lesions when maintained on the high-fat atherogenic diet, although the lesion size varied greatly among strains. In common with fatty streaks studied in other models and in humans, these early lesions in mice contained lipid, apoB, monocyte/macrophages, and foam cells. They also exhibited expression of the VCAM-1 adhesion molecule. Certain susceptible strains maintained on a high-fat diet and apoE knockout mice developed relatively advanced lesions characterized by a necrotic core and fibrous cap. Such lesions exhibited expression of VCAM-1, cytokines, and smooth muscle antigens, and calcification was associated with lesion development in some strains. The lesions in apoE knockout mice were especially large and by guest on July 7, 2017 http://atvb.ahajournals.org/ Downloaded from fibrous in nature, providing a particularly useful system for examining the later stages of atherosclerosis.
Our results have also revealed genetic variations for two traits related to atherosclerosis that have not previously been examined in detail in mice: arterial calcification and coronary lesions. Since neither trait cosegregates with aortic lesion development, these traits appear to be regulated independently, at least in part. Although calcification and coronary lesions are difficult to evaluate quantitatively, the mouse appears to provide a useful system for identification of the genes contributing to these clinically important traits.
